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Still a puzzle: why is haem covalently attached in c-type
cytochromes?
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c-Type cytochromes are a group of proteins with diverse
structures and functions. Their common feature is covalent
attachment of haem to one or more CXXCH motifs. There
does not seem to be a single advantageous reason for this
covalent attachment. 
Addresses: 1University Chemical Laboratory, University of Cambridge
and Centre for Protein Engineering, MRC Centre, Hills Road
Cambridge CB2 2QH, UK and 2Department of Biochemistry and
Oxford Centre for Molecular Sciences, University of Oxford, South
Parks Road Oxford OX1 3QU, UK.
Corresponding authors.
E-mail: pxb@mrc-lmb.cam.ac.uk
ferguson@bioch.ox.ac.uk
Structure December 1999, 7:R281–R290
0969-2126/99/$ – see front matter 
© 1999 Elsevier Science Ltd. All rights reserved.
Introduction
c-Type cytochromes are proteins that have haem (iron proto-
porphyrin IX) covalently attached [1,2]. Mitochondrial
cytochrome c exemplifies the usual attachment of the haem
to the protein via two thioether bonds, which are formed
from the two vinyl groups of haem and two cysteine thiol
groups provided by the sequence motif CXXCH (single-
letter amino acid code where X is any amino
acid) (Figure 1). Although mitochondrial cytochrome c
(Figure 1a) together with its close relations cytochrome c1
and a variety of monohaem bacterial cytochromes (Table 1)
are probably the best known examples, the CXXCH motif,
sometimes occurring many times along a single polypeptide
chain, is located within a variety of other c-type cytochromes
found in the plant (e.g. cytochrome f; Figure 1b) and bacter-
ial (e.g. cytochrome c3; Figure 1c) worlds (Table 1). There
are many examples of proteins with noncovalently bound
haem, which naturally raises the question as to why covalent
attachment of the haem, which is not a facile process (see
below), has been adopted for a substantial, but diverse,
group of the molecules known as c-type cytochromes.
Wood [3,4] suggested that the covalent attachment origi-
nated as a device for preventing loss of haem to the exter-
nal media from proteins in the bacterial periplasm, which
is indeed the location of c-type cytochromes, or at least of
the haem-binding domains of membrane-bound exam-
ples, in bacteria. Thus it was argued that the mitochondr-
ial cytochromes c and c1 were evolutionary descendants of
the periplasmic cytochromes, and that in principle nonco-
valent attachment of haem would suffice in the intracellu-
lar environment where any loss of haem could be replaced
by continuous biosynthesis. 
Here, we wish to again examine the issue as to why
c-type cytochromes exist, in the context of a number of
developments that have occurred since Wood first con-
sidered the issue. Of particular note are the recently
solved structures of multihaem proteins that have
revealed structurally related arrangements of haem
groups within proteins having no other similarity. These
developments lead us to argue that there are a variety of
reasons for cells undertaking the often quite complex
task of assembling c-type cytochromes. 
Implicit in Wood’s ‘evolutionary vestige’ argument that
c-type cytochromes exist in mitochondria principally
because of their recruitment from bacteria by an early
symbiotic event was the expectation that post-transla-
tional events generating a c-type cytochrome would be
similar in mitochondria and bacteria. However, it is now
clear that yeast does not possess any of the genes required
for bacterial c-type cytochrome biogenesis, and the genes
required in yeast for this biogenesis are absent from all
bacterial genomes sequenced so far [5,6]. In yeast, the
assembly of mitochondrial cytochromes c and c1 depends
on a separate protein for each [5,6]. These are called haem
lyases and are present in a range of other eukaryotic cells.
In contrast, c-type cytochrome assembly in bacteria
requires a multicomponent system that, remarkably,
differs between bacterial species; in general, Gram-nega-
tive organisms have one system and Gram-positive organ-
isms a second. Such systems are not specific for a CXXCH
motif in a particular polypeptide chain. Photosynthetic
organelles seem to use the Gram-positive system;
however, a note of additional complexity is introduced by
the indications that some protozoan and plant mitochon-
dria might use an assembly system related to those in bac-
teria [5,6]. The evolutionary diversity (note that c-type
cytochromes are now known to occur in archaebacteria)
and complexity of the c-type cytochrome biogenesis appa-
ratus strongly suggest that there are compelling additional
reasons for the utilisation of c-type cytochromes in bacter-
ial and mitochondrial respiratory chains than a haem-
retention mechanism, or the straightforward evolutionary
acquisition of the latter.
Apart from the above arguments, there are other reasons
for supposing that covalent attachment of haem is not
solely a mechanism to prevent haem loss by dissociation.
One of these is that there are now at least two examples of
periplasmic proteins that have noncovalently bound haem;
these are cytochrome b562 in Escherichia coli and
cytochrome cd1 nitrite reductase of many denitrifying bac-
teria in which the specialised d1 haem is noncovalently
bound. Mitochondrial cytochrome c can have redox part-
ners that have noncovalently bound haem, for example,
sulphite oxidase and flavocytochrome b2 [1]. Clearly, in all
these cases noncovalently bound haem can be retained for
biologically relevant periods, implying that there are other
reasons for the existence of c-type cytochromes. However,
before addressing this issue we consider the difficulties
that the cell has to overcome in forming thioether bonds
between haem and cysteine sidechains.
Problems inherent in covalent attachment of haem to
CXXCH sequences
Chemical
The vinyl groups of protoporphyrin IX are highly acti-
vated by the large aromatic ring system. Although the
presence of the metal (particularly Fe3+) in haem reduces
this activation, an electrophilic mechanism of addition of
thiol groups might still be expected to proceed in a facile
manner to yield the Markownikoff product seen in c-type
cytochromes [1]. A free-radical mechanism has been pro-
posed for the observed addition of the thiols of cysteine to
haem vinyl groups in the absence of any protein [7]. In
this case a hydrogen radical attack at the β-vinyl carbon
results in a radical at the α-vinyl carbon that combines
with a cysteine thiyl radical generated separately. It is
unclear whether either of these mechanisms operates in
vivo and recent observation of an E. coli haem chaperone
[8], the CcmE protein carrying covalently attached haem
[8,9], suggests that the haem vinyl group might be acti-
vated further before reacting with thiols. The spontaneous
addition of cysteine thiols of isolated proteins, folded or
unfolded, to the haem vinyl groups with the c-type
cytochrome thioether bond as the sole product has not so
far been demonstrated in vitro. The uncatalysed attach-
ment of cysteine thiols to these groups tends to be accom-
panied by unwanted side products. In particular, there are
two significant problems that can occur if a cysteine thiol
encounters ferric iron. First, the thiol can readily be oxi-
dised to a thiyl radical that can initiate alternative haem
modifications, including anti-Markownikoff addition to
the vinyl group [10]. Second, cysteine thiolate can provide
a strong axial ligand to the haem iron, stabilising the ferric
state, and could thus be unavailable for reaction with the
vinyl group. Modified haem-containing species have been
observed in experiments concerning the conversion of
b-type to c-type cytochromes using cytochrome b5 [10] and
cytochrome b562 [11] as scaffolds. Whereas the former
protein was expressed in the cytoplasm, the latter protein
was expressed in the periplasm of E. coli; however, the
cytochrome b562 variants carrying a cysteine at the haem-
binding site seem mainly to bypass the host’s haem-
attachment apparatus, which functions in the periplasm
[5,6]. Some of these alternative species that have been
detected following expression of these proteins in E. coli
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Figure 1
The structures of the three c-type cytochromes
showing their very different overall structural
folds. (a) Horse heart cytochrome c
(PDB code 1hrc); (b) turnip cytochrome f
(PDB code 1ctm); (c) cytochrome c3 from
Desulfovibrio vulgaris (Hildenborough)
(PDB code 2cth). In each case the top picture
shows a ribbon diagram, the middle view is of
the haem and its CXX(XX)CH attachment site
and the lower view shows the solvent-
accessible surface of the whole proteins. (a)
and (b) illustrate the CXXCH attachment but
(c) shows an example of the more unusual
attachment of a CXXXXCH motif to haem 4
(called residue 109 in the coordinate file
[PDB code 2cth]) of cytochrome c3. The haem
is coloured red, cysteine residues are yellow,
the two or four intervening residues (X) are
dark grey and the histidine residue is green.
Figures were drawn with MOLSCRIPT [59],
GRASP [60] and Raster3D [61].
can also be observed following reconstitution of the puri-
fied apoproteins with haem in vitro [10]. Similar modified
haem-containing species seem to be the result of excep-
tional expression of some c-type cytochromes in the cyto-
plasm of E. coli [12,13].
Biosynthetic
In view of the foregoing chemical considerations, it is not
surprising that mitochondrial, and probably bacterial, c-type
cytochrome biogenesis requires ferrous haem [14]. The
general requirement to avoid side products and achieve
stereospecificity (see below) makes it unsurprising that
recent work has established that more than ten gene prod-
ucts are needed to assemble c-type cytochromes in the
periplasm of typical Gram-negative bacteria such as E. coli
[5,6]. An intriguing and unanticipated aspect is interplay
between haem attachment and the system that forms disul-
phide bonds in the bacterial periplasm. Indeed, it is cur-
rently hypothesised that the two cysteines of the CXXCH
sequence might form an intramolecular disulphide bridge
before the haem is attached in a reductive process. In other
species of bacteria, especially Gram-positive organisms, an
interplay with a disulphide bond forming system probably
does not occur, but nevertheless many gene products are
still required for cytochrome c biogenesis [5,6]. Only in
fungal mitochondria is there evidence of a single gene
product being required for assembly of a c-type
cytochrome, a view substantiated by the formation of
native yeast iso-1 holocytochrome c in the E. coli cytoplasm
when its yeast haem lyase was coexpressed [15]. We are left
with the clear impression that c-type cytochrome biogene-
sis poses considerable problems to bacteria. 
The fact that these chemical and other biosynthetic prob-
lems have had to be overcome is a further indication that
c-type cytochromes have some particularly advantageous
features. Next we turn to a consideration of c-type
cytochrome structures with the intention of identifying
common features and possible structural advantages that
might ensue from the covalent attachment of haem.
c-Type cytochrome structures
The known structures of c-type cytochromes have six dif-
ferent classes of fold (Table 1). Of these, four are unique
to c-type cytochromes. Two general properties of these
cytochromes c, the haem to polypeptide ratio and the
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Table 1
Principal c-type cytochromes.
Type* Fold Haem-attachment motif Sixth ligand Haem to residue ratio Haem to polypeptide
ratio
Mitochondrial All-α, unique fold† CXXCH Methionine 1:70–130 1
cytochrome c
and cytochrome c2
Cytochrome f‡ β sandwich§ CXXCH αNH2 1:190§ 1
Cytochrome c3# Unique¶ CXXCH
CXXXXCH Histidine 1:25 4–16
Photosynthetic Unique CXXCH Methionine or histidine 1:85 4
reaction centre
cytochrome c
Clustered/paired-haem Unique¥ CXXCH
cytochromes c¥ CXXCK** Histidine or none 1:50–120 2–8
Cytochrome c′ and c556 4 α helical CXXCH Methionine or none 1:120 1
OmcA Not known CXXCH Not known 1:70 10
*The classification into types has been primarily made on the basis of known
three-dimensional structures [30] (http://scop.mrc-lmb.cam.ac.uk/scop).
There are many other c-type cytochromes known whose protein fold is
not known but which may yet emerge to have one of the known folds
(e.g. the NapC/NirT class of tetrahaem cytochrome [55] could prove to
have a c3 fold). As biochemical evidence suggests a location for OmcA
in the outer bacterial membrane [56], a novel and nonglobular fold
seems possible. There is even one example of haem attachment to a
CXXXCH motif: Pseudomonas stutzeri cytochrome c552, a protein of
unknown function or structure [57]. The exposure of the haem
propionates is not uniform, for example, they are frequently buried in
monohaem proteins but not in cytochrome c3. It is possible that in some
instances covalent attachment of haem is required to obtain structures
with internalised propionates. †An all-α fold is an exclusively α-helical
structure found in mitochondrial cytochromes c and c1 as well as in a
variety of monohaem bacterial cytochromes c that have a variety of
names including c2 (sometimes known as Class 1). It also occurs in
other bacterial proteins, for example, cytochrome cd1 and dihaem
cytochrome c peroxidase from P. aeruginosa [58]. ‡f Stands for frons
(Latin for foliage or leaf), a name which disguises the fact that it is a
c-type cytochrome. §This is an all-β structural fold in common with a
variety of other unrelated proteins including diptheria toxin and the
tumour suppressor p53. Cytochrome f has a large and a small domain,
with the haem-binding region being at the edge of the large domain
(Figure 1). The haem to residue ratio refers only to the large domain.
#The cytochrome c3 structural motif is sometimes repeated along a
polypeptide chain to give proteins with up to 16 haems. ¶This is not a
true fold — the haem dominates the structures, which comprise α-helical
and less regular, extended features. ¥Cytochrome c554 and
hydroxylamine oxidoreductase from Nitrosomonas europaea, the split
Soret dihaem cytochrome [29] from Desulfovibrio desulfuricans,
cytochrome c552 nitrite reductase from Sulfurospirillum deleyianum and
a soluble fumarate reductase from Shewanella frigidimarina [23,24].
**The CXXCK is unique to the active site of the nitrite reductase.
haem to amino acid residue ratio, are pertinent to our
arguments. In general, globular proteins with noncova-
lently bound haem (e.g. globins and peroxidases) contain
one haem per polypeptide chain and have a haem to
amino acid residue of at least 1:150. Two notable excep-
tions to this are the well-characterised cytochromes b5 and
b562, which have ratios of about 1:90–106 (excluding the
membrane-anchoring domains). With the exception of
cytochrome f, all c-type cytochromes have haem to residue
ratios of about 1:120 or less. 
Monohaem proteins
The minimal amount of peptide required for the mono-
haem cytochromes c is around 70 residues [2]. The haem
is almost completely buried in these proteins, with just a
small area of the haem edge (~5%) being exposed to
solvent at the surface of the protein that is proposed to
come closest to its redox partners (Figure 1a). The pro-
teins in the mitochondrial cytochrome c class (Table 1)
have histidine–methionine coordination. With this ligation
arrangement, rather than histidine–histidine coordination
(bis-histidinyl), the oxidised state of c-type cytochromes is
destabilised relative to the reduced state. This ligation
thus contributes to the relatively positive redox potentials
of this class of c-type cytochromes and is utilised in many
electron-transport chains. We note that the setting of a
haem redox potential on a protein depends on many
factors. A recent study suggests that the relative contribu-
tions of solvent exposure and axial coordination can be
separated [16]; it is not clear that covalent attachment
per se is a major factor. 
Cytochrome f [17] is unique according to any scheme of
cytochrome classification; the haem is still near the surface
of the protein, but with very little exposure to solvent
(Figure 1b) [16]. One of its most unusual features is the
provision of the sixth ligand by the N-terminal amino group
after cleavage of a prosequence during its biosynthesis.
The general thesis that the covalent attachment of haem
correlates with a lower haem to residue ratio relates to
developing knowledge of haem proteins in which binding
of haem is noncovalent. Thus very high-affinity haem
binding can be achieved by the extracellular proteins
nitrophorin [18], HasA [19], and hemopexin [20], which
have 184, 188 and 433 amino acids per haem group,
respectively, a higher stoichiometry than generally
observed for c-type cytochromes (Table 1). On the other
hand, a cyanobacterial, monomeric haemoglobin has only
118 amino acids per haem, comparable with the polypep-
tide to haem ratio observed for some c-type cytochromes
(Table 1). However, haem dissociates from the latter
protein 100 times faster than from myoglobin [21]. Thus,
in general, the covalent attachment of haem seems to
become more important for the provision of a high-affin-
ity haem site the smaller the size of the polypeptide.
Therefore, in this sense of economising by minimising
the length of a polypeptide chain in a haemoprotein, the
covalent attachment of haem in c-type cytochromes does
contribute to the retention of haem. But this is not the
only way to achieve this, nor is it the only function of
covalent attachment, as is discussed below.
Multihaem proteins
In the bacterial world there are many examples of multi-
haem c-type cytochromes; they are frequently associated
with electron-transport processes within the nitrogen and
sulphur cycles. The cytochromes c3 (Table 1, Figure 1c)
have four haems, each attached to CXXCH or
CXXXXCH motifs and with all the iron atoms coordi-
nated axially by two (or rarely one) histidine residues. In
these cytochromes the amount of polypeptide required to
wrap around the haem is minimally 25 residues. We argue
that this is an economic use of polypeptide and that
without covalent attachment more polypeptide would be
needed to provide four relatively hydrophobic haem-
binding pockets. Furthermore, the covalent attachment
permits the tight, spatially close and well-defined packing
of the haems, which seems to be the main conserved
feature of c3-type cytochromes [22]. The haem groups can
therefore be considered analogous to conventional protein
structural elements. 
The same general feature of haem clustering is also seen in
the recently published structures of four proteins: hydroxy-
lamine oxidoreductase (HAO) and its redox partner
cytochrome c554 from the bacterium Nitrosomonas europeae, a
cytochrome c552 nitrite reductase (NIR) (Figure 2) from Sul-
furospirillum deleyianuma, and a flavocytochrome fumarate
reductase (FR) from Shewanella frigidimarina [23,24]. 
HAO has eight c-type centres per polypeptide chain [25];
seven of them have a bis-histidinyl iron whereas the eighth
has a 5-coordinate haem (the haem iron has five ligands)
that forms the catalytic site. The haems are mainly bound
by the first 320 amino acid residues (the haem to amino
acid ratio is therefore 1:40), with the C-terminal 160 amino
acids forming several long α helices that make up the
central domains of the trimeric enzyme. The active-site
haem is unusual in that there is a cross-link between a
mesocarbon of the haem and the aromatic ring of a tyrosyl
residue from a different polypeptide within the trimer.
The haems are clustered close together in an array that is
very difficult to envisage being possible using binding
pockets in which haem is bound noncovalently. 
Cytochrome c554 contains four haem groups within 211
amino acids. The arrangement of these haems in
cytochrome c554 [26] differs substantially from that
observed in the two other tetrahaem c-type cytochromes,
cytochrome c3 and the photosynthetic reaction centre
subunit (Table 1). Clustering of the haems is again very
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evident, with two iron–iron distances being only 9.3 Å. In
cytochrome c554 haem units are packed in both parallel
and antiparallel arrangements, as seen in the other multi-
haem c-type cytochromes (Table 1) [26]. This packing
presumably has a fundamental significance that is not
fully appreciated at present, but could not be achieved by
four noncovalently bound haems. An unexpected feature
of cytochrome c554 is that its haem groups can be struc-
turally aligned with four haems in HAO [26], despite there
being no sequence similarity. 
Recently, the structure of the pentahaem bacterial
cytochrome c552 NIR, for which the reaction product is
ammonia, has been described (Figure 2a) [27]. Four of the
haems are attached to CXXCH sequences; in each case
the iron atoms are bis-histidinyl ligated. The fifth haem is
attached to a novel CXXCK sequence, although the
organisation of the thioether bonds (see below) is normal.
This high-spin iron is 5-coordinate and forms  the active
site. The advantageous feature of the lysine ligand is not
apparent at the moment. If it is altered to histidine, the
enzyme is inactive [28]. Apart from this unorthodox
feature, the protein as a whole has features that have been
observed before. Strikingly, the five haems of NIR align
with haems 4–8 of HAO, even though NIR is a dimer and
HAO a trimer [27]. In common with HAO, there are long
helices at the C terminus that have a greater role in
oligomerisation than in haem binding (Figure 2a). 
Clearly, the haem binding in NIR is also clustered, with
iron–iron distances again as short as 9.3 Å. As in HAO,
this feature, qualitatively at least, correlates with the need
to remove (HAO) or supply (NIR) multiple electrons
(four or six) rapidly from/to the active site. On the other
hand, the presence in FR of a c-type cytochrome cluster
in which all four haems superimpose on four of the haems
in both HAO and NIR [24] might correlate with the pro-
vision of a long ‘molecular wire’ [23] for delivering the
two (a more usual stoichiometry than four or six) electrons
required  reduction of fumarate at the flavin catalytic site.
The four haems are in a distinct domain with only
100 amino acids [23,24]. 
The purpose(s) of the haem clustering in HAO,
cytochrome c554, FR and NIR, which has not been
observed in other protein structures, remains to be defi-
nitely established. It is possible to identify some of the
haems as clustered dihaem sites in these proteins.
Indeed, in a dihaem cytochrome c from Desulfovibrio desul-
furicans [29] the two haems form a cluster that has
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Figure 2
A clustered/paired-haem c-type cytochrome.
(a) The structure of the dimeric cytochrome c
nitrite reductase (PDB code 1qdb). Each
monomer contains five haem groups (red or
blue), which are clustered. These haems have
been designated haem 1–5 where haem 1
contains the unique CXXCK motif (haem
numbering as in [27]). (b) Orthogonal views
of the dihaem motif formed by haems 3 and 4
of the nitrite reductase, also coloured blue in
(a). This pseudo twofold-symmetrical structure
is found in all the multihaem proteins
classified in the dihaem class of protein folds
[30]. The regions of protein shown are
residues 204–215 and 295–305.
common features with pairs of haems in all of the above
proteins [30]. These dihaem sites have some features of
the protein fold in common. The two CXXCH motifs are
on helices (Figure 2b) that are common to all of these
structures, despite the different large excursions in the
polypeptide between these features in the different pro-
teins. This is another indication that haem can behave as
a secondary structural element in determining the fold of
the polypeptide and might point to a common simple
structural precursor for these haem sites. 
Structures at the haem-binding sites
Throughout the different structural classes of cytochromes
c (Table 1), there is very little variation in detailed struc-
ture at the attachment site. The CXXCH sequence gener-
ally adopts a helical conformation that is often part of a
longer stretch of α helix. All residues apart from cysteine
are represented in at least one of the variable positions of
the motif. We have compared the structures of the haem
and CXXCH peptides within the same class of
cytochrome and also between different classes. Three
examples are shown in Figure 1. If the main porphyrin-
ring atoms, together with the Nε atom of the ligating histi-
dine residue are overlaid, there is little deviation in
structure at the C-terminal cysteine. The differences at
the N-terminal cysteine are larger but are still remarkably
small. The rare examples of sequences with four residues
separating the two cysteines (in cytochromes c3) have the
C-terminal cysteine in the same position relative to the
haem (Figure 1c). 
The comparison can be made the other way around, by
superimposing the backbone of the CXXCH motif from
different cytochromes. Such a comparison, made at a time
when few structures had been solved, revealed that the
haem could adopt two possible positions relative to the
CXXCH peptide [31]. Comparison of the structures now
available suggests that they all broadly fall into the same
two classes. The small difference between these classes is
in the conformation of the cysteine and histidine
sidechains that determine the different positions of the
haem plane relative to the helix adopted by the CXXCH
peptide. It was noted that the two conformations corre-
lated with different histidine orientations about the
iron–histidine coordination bond [31]. Figure 3a shows the
more common conformation and histidine orientation.
The less common orientation in Figure 3b is observed in
every cytochrome c′ and in some of the haems in
cytochromes c3. Figure 3c shows the rare example of an
intermediate histidine orientation in haem 2 of
cytochrome c554, which falls in between the two other
extremes. This is an unusual c-type haem site as it is
5-coordinate and high spin. 
This apparent restriction and manipulation of the histi-
dine orientation is not exclusive to c-type cytochromes.
The consequences of this factor on the electronic proper-
ties of b-type cytochromes and globins have been studied
extensively [32,33]. Equally, there is no correlation
between covalent attachment and haem planarity. There
is some variation in the out-of-plane buckling conforma-
tion of the porphyrin (Figure 1), but this property is also
not restricted to c-type cytochromes [34,35]. Noncova-
lently bound haem can be buckled by protein structure to
the same extent as can covalently bound haem. Although
different modes of haem buckling have been observed
with either the CXXCH or CXXXXCH motifs [36], they
seem to be the result of many protein structural factors. 
Remarkably, in all of the cytochrome c structures the
haem is in the same orientation with respect to the
CXXCH attachment sequence. That is, the 2-vinyl group
is always attached to the N-terminal cysteine and the
4-vinyl group is always attached to the C-terminal cys-
teine. This is a little surprising given the diversity of
c-type cytochrome biogenesis and the small energy
barrier between the noncovalent binding of haem in the
two different orientations about the α–β axis (Figure 3);
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Figure 3
The orientations of the imidazole ring, relative
to the porphyrin ring, of the histidine ligand in
three different CXXCH haem-binding sites,
each viewed along the iron–Nε axis. (a) Horse
heart cytochrome c (PDB code 1hrc);
(b) cytochrome c′ from Rhodopseudomonas
palustris (PDB code 1a7v); (c) haem 2 from
cytochrome c554 from Nitrosomonas
europeae (PDB code 1bvb). The haem meso
carbons in (c) are labelled according to Fisher
notation. b-Type cytochromes and globins
frequently exist in two isomeric conformations
that differ primarily with respect to the haem
orientation; the difference is the rotation of the
haem by 180° about the α–β axis (dotted
line). Colour coding is as in Figure 1.
both orientations are observed in b-type cytochromes [37]
and globins [38,39], although one isomer usually domi-
nates at equilibrium. A major consequence is that the
stereochemistry at the thioether linkages in all structures
obtained to date is S. The same face of the haem is always
presented towards the CXXCH motif. There might be an
as yet undiscovered importance to this. 
Curiously, mitochondria from certain species of protozoa
have AXXCH as the haem-binding motif. Attachment of
haem to this motif can also be achieved by mutation of the
human mitochondrial cytochrome c gene followed by
expression in yeast [40]. Unfortunately, sufficient amounts
of the human c-type cytochrome with AXXCH have not
been isolated to permit determination of its full physio-
chemical and structural properties. Thus we do not know
the relative advantages or disadvantages of the single- and
double-cysteine modes of haem attachment. 
The formation of the thioether bonds has an effect on the
electronic structure of the haem iron. The replacement of
the electron-withdrawing vinyl groups with the thioether
linkages results in increased electron density on the por-
phyrin nitrogen atoms, which has a cis effect on the
pi-donor propensity of the haem iron. This effect might be
further increased by the hyperconjugation of the thioether
sulphur d-orbitals increasing the electron density in the
porphyrin ring. A consequence of the increased pi-donor
propensity of the haem iron is the increased strength of
the coordination of ferrous iron to the sulphur of a methio-
nine ligand as a result of back-bonding into the sulphur
d-orbitals [41,42]. This could well be significant in mito-
chondrial cytochrome c and other Class I (Table 1) c-type
cytochromes, and might contribute to the relatively high
redox potentials, in comparison with other haemoproteins,
usually observed for these molecules. However, redox
potentials of haem groups in proteins can be tuned over a
wide range by the protein environment [16], for example,
the three histidine–methionine coordinated c-type centres
in a subunit of the Rhodopseudomonas viridis reaction
centres that range from –60 to +380 mV [2]. Thus,
although the two thioether bonds of c-type cytochromes
might contribute to the setting of the redox potential, this
can be achieved in other ways and therefore does not
seem to be of overriding importance. Furthermore,
whereas the properties of methionine-ligated c-type
cytochromes might to some extent be rationalised in terms
of factors contributing to a positive redox potential, the
same argument is not applicable to the low potential
bis-histidinyl-coordinated c-type cytochromes.
In vitro folding of cytochrome c
The folding and stability of some cytochromes c have
been studied extensively in vitro. In particular, mitochon-
drial cytochrome c has served as a paradigm for folding
studies [43–45]. What can be learned from these in vitro
studies? Clearly, haem is required for the stable fold of
these particular proteins (see below) and might also
provide a nucleation site for direction of folding. But the
folding pathways are complicated, mainly by the propen-
sity of the haem iron to coordinate to a variety of different
amino acid sidechains other than those used in the native
state. The exact nature of denatured states of mitochon-
drial cytochrome c is not clear and the number and com-
plexity of different intermediates that form on the folding
pathways varies depending on the exact primary sequence
and thus the availability of alternative ligands to the iron.
The relevance of these in vitro studies to the folding of
the same proteins in vivo is by no means clear.
Advantages of making c-type cytochromes
The above discussion suggests to us that the complexity of
c-type cytochrome assembly is not undertaken primarily to
provide infinite haem-binding affinity or tuning of redox
potential. What then is the point of the c-type cytochromes?
Two purposes seem plausible so far. One is the economy of
minimising the amino acid residue to haem ratio, the
second is the conferment of the ability to position haems
within proteins, especially the clustering seen in the multi-
haem proteins. Another possible advantage is that the cova-
lent attachment of haem might provide access to folded
structures, and kinetically feasible pathways to those struc-
tures, that would otherwise not be available. A key point
here is whether or not the biogenesis of a c-type cytochrome
proceeds via the attachment of the haem to a relatively
unstructured stretch of polypeptide carrying the CXXCH
motif, which is then followed by the folding of the protein.
Alternatively, does the apoprotein fold substantially
towards the final structure before the haem is attached?
This point cannot be regarded as settled, but the following
observations provide significant evidence in favour of the
former view. First, haem can be attached to a small frag-
ment of mitochondrial cytochrome c by reaction of the
mitochondrial haem lyase in vitro, and to alkaline phos-
phatase fusion proteins in vivo [5]. Second, cytochromes c3
have an extremely low residue to haem ratio and limited
secondary structure content (Table 1); thus, the CXXCH
motifs are in very close proximity to each other in multi-
haem proteins, suggesting that haem attachment precedes
protein folding. Finally, apo-mitochondrial cytochrome c
has been shown to have no stable structure [46–48].
There remains evidence for the contrary argument. The
assembly of two c-type cytochromes of thermophiles in the
cytoplasm of E. coli [12,49] might yet prove to be
explained by spontaneous haem attachment within a pre-
formed noncovalent protein–haem complex. However,
this would be non-physiological and there is as yet no evi-
dence that these proteins can form spontaneously in vitro.
In any case, the final folded state of the holoproteins might
show limited resemblance to the structure of the apo forms
that are postulated to provide a pocket for haem insertion.
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For many b-type cytochromes and globins the structures of
the apo forms are related to those of the holoproteins. This
means that the haem group does not play a major role in
determining the final folded tertiary structure in these
noncovalent complexes, in contrast to the current view
that physiological assembly of c-type cytochromes involves
haem as a site for nucleation of the protein fold. Whether
or not this is connected to the absence of classical chaper-
one activity from the cellular compartments in which
c-type cytochromes are located remains to be seen.
Studies of variants of cytochrome b562 with cysteine in the
haem-binding site have shown the value of the covalent
linkage for retaining otherwise unstable ligand environ-
ments involving methionine ligation [50]. An increasing
number of cytochromes c have been shown to undergo
redox-linked conformational changes. The best described
example, the c-type cytochrome domain of cd1 nitrite
reductase from Thiosphaera pantotropha [51], can switch its
ligation state from histidine–histidine to histidine–methio-
nine upon reduction and this involves a significant confor-
mational change that would probably result in the loss of
noncovalently bound haem. The cytochromes c′ are
5-coordinate cytochromes that bind small ligands, most
notably NO. Ligand binding has been linked to allosteric
behaviour in dimeric forms of these latter proteins.
Attempts to convert cytochrome b562 to cytochrome c′ by
redesign of the N-terminal ligand site have been unsuc-
cessful unless a covalent bond is introduced (PDB, unpub-
lished results). Polypeptides of this size (110–130 residues)
are thus usually too small to support a functional 5-coordi-
nate, noncovalent haem centre, although cyanobacterial,
monomeric haemoglobin would be an exception [21].
Another mode of covalent haem attachment
Mammalian myeloperoxidase currently provides the only
example of a crystal structure [52] where the covalent
linkage between the haem and the polypeptide is not via
thioether bonds. The haem is attached via two ester bonds
(involving oxidised haem methyl groups) and one sulpho-
nium ion between a vinyl group and a methionine sulphur
atom. The protein adopts a fold similar to those of the
haem peroxidases and cytochrome P450. The reason for
the attachment is not clear but it probably results from
autocatalytic events after protein folding and haem
binding [53]. Thus, in this case the covalent attachment of
haem would not contribute to the acquisition of a final
folded structure. The relative merits of this mode of haem
attachment, which is also found in other related peroxi-
dases (e.g. lactoperoxidase), and that in c-type cytochromes
are not known. As with the c-type cytochromes, it is not
clear why haem is attached to these enzymes.
Conclusions
We believe that the covalent attachment of haem via a
CXXCH motif provides more for a protein than just an
essentially infinite affinity for haem. We cannot claim
that our analysis of the different c-type cytochromes has
led to a single answer to the question in our title. We
have provided a new view on this question based on
structural and biosynthetic considerations. The recent
structures of multihaem proteins with clusters of c-haems
have provided a new dimension to the knowledge of
c-type cytochromes. Perhaps completely novel arrange-
ments of haems that will clarify the fundamental utility of
the CXXCH motif remain to be discovered. What the
clusters of haems do highlight is that c-haem can be used
as a protein structural element that is equivalent to any
other secondary structural element. 
We further suggest that multihaem c-type cytochromes
have covalently bound haem because this mode of
attachment permits achievement of a high ratio of haem
groups per unit length of polypeptide chain, and close
and geometrically specific arrangements of haem groups
relative to one another. Furthermore, the probable
attachment of haem to the CXXCH sequences in an
unfolded protein during biogenesis will influence the
nature of the subsequent folding pathway as well as the
final structure obtained. 
The advantages conferred by covalent attachment of haem
in mitochondrial cytochrome c and related molecules are not
so easy to argue. It seems clear that the cytochrome c fold in
this type of molecule is not stable in the absence of haem,
which leads to the unanswered question as to why this fold
is so useful for electron-transport processes rather than a
hypothetical alternative in which haem would be noncova-
lently bound. Arguably, it relates to the need to have one
edge of the haem exposed for optimal electron transfer.
Noncovalently bound haem can sit sandwiched between
transmembrane helices (e.g. in the cytochrome b compo-
nent of the bc1 complex). On the other hand, in globins,
although haem is usually regarded to be in a hydrophobic
pocket, the two propionates are exposed to the surface of
the protein. Such large exposure is found in some c-type
cytochromes (e.g. cytochrome c3) but not in others (e.g.
cytochrome f). Thus there is no general correlation between
surface exposure of parts of the haem group and a covalent
attachment. Nevertheless, it is striking that the globin fold
has not been described for an electron-transfer protein. To
shield haem from the solvent with a minimal number of
residues in a globular protein, covalent attachment is
required to maintain a stable fold. The additional effect of
covalent attachment on the stability of the ferrous protein
and hence the reduction potential is probably a minor factor.
An interesting final point is the evolutionary relationship, if
any, between the different types of c-type cytochromes.
Has the CXXCH motif evolved separately for the different
types of cytochrome? Or did the mitochondrial c-type
cytochrome acquire this motif from the multihaem
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cytochromes, some of which exist in strictly anaerobic bac-
teria? A particular puzzle is the origin of cytochrome f: there
is no evidence of any evolutionary relationship to another
protein with the CXXCH sequence [54]. An understanding
of the evolutionary relationships might shed more light on
why the covalent attachment of haem to CXXCH motifs
has been recruited for a diverse set of proteins.
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